An optical device that converts unpolarized light into a single polarization state is described. The device is based on a polarizing beam splitter that separates the two polarization directions. The beam splitter is combined with two pairs of equilateral prisms that are used to collimate the two beams in terms of both propagation and polarization directions. When it is used in combination with a blazed diffraction grating, this device is shown to effectively remove the polarization dependence of the first-order diffracted power. The device has an insertion loss of approximately 14% for purely s-polarized light. However, for unpolarized light incident upon the two gratings studied here, the increased throughput of the p-polarized component leads to an average relative gain in overall efficiency of 13%-19%, depending on the grating. In collimating the two polarization directions, the device may cause a reduction in spectral resolution for a rectangular entrance slit. As a result, the device is more likely to find use in spectrometers that have a circular aperture, such as that provided by an optical fiber.
Introduction
Diffraction gratings continue to play an important role in spectroscopy because of their ability to disperse polychromatic light into its constituent components. With manufacturing techniques and theoretical descriptions now well established, gratings can be tailored to deliver high throughput in a specific wavelength range. 1, 2 The absolute efficiency of a reflection grating is defined as the energy flow (power) of monochromatic light diffracted into the order being measured, relative to the energy flow of the incident light of the same wavelength. The magnitude and variation of diffracted energy are controlled largely by manipulating the shape of the grating grooves, a process known as blazing.
In general, the diffracted power also depends on the polarization of the incident light. Therefore it is customary to present s-and p-plane efficiencies for a grating, where the p polarization has its electric vector parallel to the grooves (TE polarized) and the s polarization has its electric vector perpendicular to the grooves (TM polarization). For completely unpolarized incident light, the diffraction efficiency is exactly the average of the s-and p-efficiency curves. The theory of s-and p-plane diffraction efficiency has been described in detail for a range of blaze angles for triangular grooves in blazed gratings and modulations for sinusoidal groove shapes in holographic gratings. 3 The polarization dependence of grating efficiency is actively exploited in a class of devices known as polarization gratings. These gratings are designed to yield a highly polarization-dependent diffraction, and they have found a wide range of applications in the measurement and manipulation of polarization states. 4 However, the polarization dependence can, if ignored, also lead to unwanted signals or artifacts. For example, when a blazed grating is used as a wavelength-selective device in an optical fiber demultiplexer, random fluctuations in the polarization state of the input light signal can cause the diffraction efficiency to vary. This leads to an additional noise component in the demultiplexed output signals. 5, 6 Clearly this added noise is undesirable for long-haul telecommunication transmissions, for which the signal-to-noise ratio is critical. By the same token, if a grating-based instrument is used to record the spectrum of light with a randomly changing or unknown polarization state, polarization-induced alterations in the wavelength response will result in artifacts, and careful interpretation of the data becomes necessary. For example, in Raman spectroscopy, one can obtain useful information about the crystallinity and morphology of polymer films and fibers by analyzing the polarization states of the scattered light. 7 In an attempt to eliminate polarization-induced noise in grating-based demultiplexers, a method has been devised whereby a low-loss optical device is used to convert unpolarized input light into a single linearly polarized state. 5 This device utilizes a polarizing filter or a plate of optically anisotropic material (e.g., calcite, sapphire, or rutile) to split the input beam into two linearly polarized beams whose polarization directions are perpendicular to each other. A half-wave plate of crystalline quartz is then used to rotate the plane of polarization of one of the beams, leaving the two beams in the same polarization state. The manipulated light is then presented to a highthroughput blazed grating for spectral dispersion. In this way, the spectral response of the grating is rendered insensitive to the polarization state of the input light, and polarization-induced noise is largely eliminated.
Nevertheless, polarization compensators of this sort tend to increase the cost of demultiplexing modules, and the associated losses can have a negative effect on bit-error rates. Thus specialized gratings have been developed with complex groove profiles that provide high efficiencies and low polarization dependence over the 1550 nm telecommunications window. 6, 8 The application of these devices is restricted by the relatively small wavelength range over which the polarization dependence can be minimized. Other specialized cases for the reduction of the polarization dependence of standard diffraction gratings can be identified; for example, a half-wave plate can be placed in the second pass of a doublepass monochromator. If the fast axis is placed at 45°t o the p-polarization direction, then the half-wave plate serves to flip the polarization about the fast axis and so ensure that all polarizations are diffracted with the average of s-and p-plane efficiencies. However, the majority of modern, compact spectrometers rely on a single-pass design, so the polarization sensitivity of diffraction gratings remains problematic.
In this paper, the approach of Nicia et al. 5 is extended for general use with grating-based spectrometers. The current device, which is described as a polarization-collimating beam splitter (PCB), has the advantage that it provides equivalent optical paths for the two polarization components. The capacity of the device to reduce the polarization dependence of a standard grating while increasing its average optical throughput has been tested by use of two different blazed gratings. The results of this study are presented in this paper, together with a brief discussion of possible spectroscopic applications of the PCB.
Construction of the Polarization-Collimating Beam Splitter
The polarization-conversion device described in this paper is conceptually similar to but different in design from the system reported by Nicia et al. 5 The PCB module and an exploded diagram of the device are shown in Figs. 1(a) and 1(b) , respectively. The PCB consists of a broadband polarizing beam-splitter cube (25.4 mm, antireflection coated for 450Ϫ680 nm, Melles Griot) and four right-angle equilateral prisms ͑25.4 mm, Melles Griot), which are used to construct two periscopes. To minimize Fresnel reflection losses at the optical interfaces in the device, all constituent components are cemented by use of an adhesive that is index matched to the BK7 optical glass.
A light beam entering the beam-splitter cube at normal incidence is split into two perpendicularly polarized components ͓I s and I p in Fig. 1(b) ] at the diagonal interface. In this case the subscript notation is chosen to describe the orientation of the electric vector of the light with respect to the polarization-selective surface in the beam-splitter cube. The electric vector of the s-polarized light falls into the sagittal plane of the beam-splitting surface (i.e., the plane defined by the incident wave vector and the surface normal). The electric vector of the p-polarized beam, however, will be perpendicular to the sagittal plane. This definition is consistent with that given above for light incident upon a grating, because diffraction gratings are designed for use with the grooves perpendicular to the sagittal plane of the grating. For s-polarized light incident onto a blazed grating, this arrangement ensures that the grooves are transverse to the electric vector and that the maximum diffraction efficiency is achieved over a broadband range. 1 In the present work the sagittal planes of the grating and the beam-splitting surface are always parallel, so the polarization components are defined consistently for both of these devices.
As shown in Fig. 1(b) , beam I p is directed to a twisted periscope at the reflected output port of the beam-splitter cube, whereas transmitted beam I s is directed to an untwisted periscope. The periscopes serve to collimate the two beams and reduce their polarization to a single direction. The twisted periscope steers I p into a direction parallel to the propagation direction of incident beam I. At the same time, the polarization of this beam is rotated by 90°, giving an s-polarized output beam I p→s . I s is displaced only laterally by the untwisted periscope. The polarization of I s remains unchanged at the periscope output, thereby giving a second s-polarized output beam, I s→s . As a result, the two output beams, I p→s and I s→s , are always polarized in the same direction, regardless of the polarization state of the incident light, I.
Spectroscopic Application of the Polarization-Collimating Beam Splitter
Figure 2 illustrates in principle how one could use the PCB to construct a compact, high-throughput, singlechannel spectrometer. Lens L1 with focal length f 1 collimates light beam I emerging from an entrance pinhole. To ensure that the collimated beam enters the beam-splitter cube in a direction normal to the glass surface, the pinhole must be positioned precisely on the optical axis of lens L1. A diffraction grating is placed after the PCB to spectrally disperse the horizontally polarized output beams, I p→s and I s→s . The grating is positioned with grooves perpendicular to the electric vector of the s-polarized beams, thereby ensuring optimal diffraction efficiency.
After the grating, focusing lens L2 is used to focus the first-order diffracted beams I* p→s and I* p→s onto image plane IP to form a line spectrum LS, as shown in Fig. 2 . A CCD array can be placed at IP to allow the spectrum to be measured. The intensity of the spectrum is independent of the initial polarization of I, because the grating is illuminated with a single polarization state. As a result, polarizationinduced artifacts are eliminated in the spectral measurement.
The drawback of the design shown here is that it is difficult to modify the widely used Czerny-Turner spectrometer configuration 9 in this way because of the lateral displacement of the output beams from the PCB. Although the lateral displacement can be corrected by means of a pair of stepped mirrors, this adds to the complexity of the system. Where it is desirable to adapt an existing Czerny-Turner spectrometer, it may be preferable to apply the PCB as a signal-conditioning attachment before the entrance slit of the spectrometer. This design is directly compatible with axial transmissive spectrometers based on volume phase holographic gratings. 10 Spectrometers of this sort are increasingly favored for their high throughput, alignment stability, and compact size. 11 Volume phase holographic gratings, such as the HoloPlex holographic grating (Kaiser Optical Systems, Inc.), offer as much as 80% diffraction efficiency for s-polarized light.
With the single-channel configuration shown in Fig. 2 , measurement of the polarization information of I is impossible, as the two polarization components are combined on the focal plane. If it is necessary to measure both polarization and spectral information at the same time, then the spectra of dispersed beams I* p→s and I* p→s must be measured separately. One can do this by replacing L2 with two smaller focusing lenses, each of which would be used to focus one of the dispersed beams onto the image plane, thereby giving two separate spectrum lines. One can then implement a simple spectropolarimeter that delivers the ratio of I p to I s as a function of wavelength by placing a two-dimensional CCD array at the image plane. Because the grating is now illuminated with a single linear polarization state, the two polarization channels in the spectropolarimeter will have identical spectral responses, regardless of the polarization of I, thereby eliminating potential ambiguity.
Experimental Procedure
To demonstrate the performance of the PCB, a simple spectrometer arrangement was constructed, based on the configuration shown in Fig. 2 . Using this apparatus, as shown in Fig. 3 , we measured the spectrometer throughput as a function of wavelength for s-and p-polarized inputs. The PCB could be translated into or out of the beam path to produce either a polarization-insensitive or a conventional spectrometer mode, respectively. When the PCB is positioned in the beam path [ Fig. 3(a) ], the output beams are displaced laterally, as shown in Fig. 2 . In the absence of the PCB [ Fig. 3(b) ], an equivalent lateral displacement is provided by a periscope arrangement of mirrors M1 and M2. Mirror M2 is withdrawn from the optical path when the PCB is inserted, and vice versa. Therefore, for PCB-based operation, the PCB and M2 are moved to positions K and H, respectively, and the input beam follows light path L. For conventional operation, M2 and the PCB are moved to positions H= and K=, respectively, and the light path L= is used. This arrangement allows the performance of the PCB to be evaluated in terms of minimizing polarization artifacts in a grating-based spectrometer.
The spectral efficiency measurements were performed with a broadband halogen lamp (6 V, 20 W) as a white-light source (WLS). Light from the halogen lamp was coupled to the spectrometer through a plastic optical fiber (OF)
collimate the light emerging from the fiber, giving collimated beam I. A beam block with a 12 mm square aperture served to limit the size of the collimated beam and reduce the level of stray light reaching the photodiode detector. After the beam block, a filter wheel with 23 narrowband interference filters ͑ ϭ 11.8 mm; Edmund Industrial Optics) was used to select an illumination wavelength. The interference filters allowed a wavelength range of 450-680 nm to be covered in steps of ϳ10 nm, corresponding to the FWHM passband of each filter. An adjustable linear polarizer (Rolyn Optics, Inc.) was used to control the illumination polarization.
Two ruled diffraction gratings with 1200 grooves͞ mm were tested in each spectrometer configuration. The gratings were blazed at wavelengths of 500 and 400 nm, corresponding to blaze angles of 17°2 7= and 13°53=, respectively (K43006 and K43041; Edmund Industrial Optics). In each case, the surface normal was positioned parallel to the incident light path L or L=. The groove direction of the grating was arranged vertically with respect to the plane of the drawing in Fig. 3 . This grating configuration was used to mimic the fixed grating orientation used in many portable spectrometers, for which reduction of moving parts is advantageous. 11 The facet normal (i.e., the normal to the blazed surface) was oriented on the same side of the incident beam as the detector, thereby ensuring reasonably high diffraction efficiency. The first-order diffracted light was focused by lens L2 ͑f 2 ϭ 60 cm͒ onto focal plane IP. Instead of a spectrum line, a single image spot is formed at focal plane IP because of the narrow spectral band passed by the selected filter. Before the PCB-based measurements, the beam-splitter module was positioned at K such that collimated input beam I was perpendicular to the entrance glass surface. This led to collimation of the output beams, which ensured that the image spots formed by the two diffracted beams, I* p→s and I* p→s (Fig. 2) , coincide on focal plane IP.
The intensity of the image spot was measured at focal point Z in the image plane by use of a photodiode (818-SL with optical powermeter 835; diameter of the sensitive area, 11.3 mm; Newport). The same photodiode was also used to measure the intensity of the incident light at Y or Y=, depending on whether the PCB-based or the conventional configuration, respectively, was being used. For each wavelength measured, the spectrometer efficiency was determined by the ratio of the power measured at Z to that measured at Y or Y=.
By measuring the incident power after the mirrors at Y=, we can discount any effects that are due to the polarization dependence of mirrors M1 and M2 in conventional operation. An average spectral efficiency value for each wavelength and polarization state was obtained from measurements performed over a 90 s period. This was done to reduce measure- ment errors caused by any short-term fluctuations in the intensity of the halogen lamp.
Despite the various precautions taken here, these efficiency measurements have not been performed to a high degree of photometric accuracy. The absolute error in the efficiency ranges from approximately 2% to 4%. Precise measurement of the efficiency of diffraction gratings is a complex procedure that has been lucidly described by Olson. 12 However, these data are typically available from the grating manufacturer on request. In the present study the intention has been to evaluate the effect of the PCB on grating performance, rather than the grating performance itself. This shift in focus justifies the relatively relaxed experimental conditions used here.
Results and Discussion
Polarized efficiency curves for the 500 nm blazed grating are shown in Figs. 4(a) and 4(b) for the conventional spectrometer and the PCB-based spectrometer, respectively. The curves are identified by the polarization of input beam I, and the blaze wavelength is marked by a dotted vertical line in each of the figures. From Fig. 4(a) it can be seen that the s-polarization curve is relatively constant and larger than the p-polarization curve over the spectral range 500-680 nm. The p curve drops steadily as the wavelength increases. An intersection of the s and p curves occurs in the vicinity of the blaze wavelength (at ϳ480 nm), representing a typical spectral response for gratings with blaze angles in the range 10°-18°. 3 From Fig. 4(b) it can be seen that the p-curve efficiency of the spectrometer is significantly improved by the use of the PCB. The p and s curves are now in reasonable agreement, given an average absolute measurement error of Ϯ3%. Inspection of Figs. 4(a) and 4(b) shows a qualitatively similar wavelength dependence in the p and s curves of the PCB-based spectrometer configuration and the s curve of the non-PCB-based spectrometer configuration. This is so because the grating operates predominantly under transverse electric (s) polarization in the PCBbased spectrometer. Subtle differences between the curves may be due to imperfect separation of the p and s polarizations in the polarizing beam-splitter cube (the extinction ratio is a relatively modest 0.01).
A comparison of the s curves in Figs. 4(a) and 4(b) shows that the relative loss introduced by the PCB is 13% on average for wavelengths above 500 nm. This result can be attributed to absorption in the optical glass and to Fresnel reflection at the surfaces and component interfaces in the PCB. However, both s-and p-polarized efficiencies are higher in the PCB-based spectrometer than the unpolarized efficiency of the conventional arrangement, which is represented by the dotted curve in Fig.  4(b) . On average, the PCB results in a 13% increase in throughput for unpolarized light, relative to the efficiency of the conventional system. Note that the efficiency for unpolarized light is taken as the average of the s and p curves for the conventional spectrometer configuration.
Although the efficiency of the 500 nm blazed grating can reach a maximum of 70% for s-polarized light in the range 500-680 nm, it drops off sharply below 500 nm, falling below the p curve for wavelengths shorter than 480 nm. Therefore, as can be seen from Fig. 4(b) , the PCB reduces the overall efficiency of the spectrometer in the short-wavelength region of 450-480 nm in comparison to that for p polarization. However, if enhancement of the spectral information in this region is important, a grating with higher efficiency for s-polarized light in the short-wavelength range would clearly be preferred.
The polarized efficiency curves for the 400 nm blazed grating are shown in Figs. 5(a) and 5(b) for the conventional and PCB-based spectrometers, respectively. A comparison of Figs. 4(a) and 5(a) shows that the 400 nm grating gives a much lower overall optical efficiency in this spectrometer configuration. However, no intersection of the s and the p curves can be observed in Fig. 5 (a) because this grating is blazed for a shorter wavelength than the range examined here. A comparison of Figs. 5(a) and 5(b) suggests that the relative loss on insertion of the PCB, averaged over the wavelength range measured here, is approximately 15%. This is in reasonable agreement with the result for the 500 nm grating. By contrast, the average relative gain in overall efficiency for unpolarized light has increased to ϳ19%, which appears to reflect a slight increase in the relative size of the polarization effects over the wavelength range under investigation for this grating.
Because the spectral efficiency curves shown in Fig. 4(b) are higher than those shown in Fig. 5(b) over a broad wavelength range, one can conclude that the 500 nm blazed grating is more suitable for use with this configuration and wavelength range.
Influence of the Polarization-Collimating Beam Splitter on Spectral Resolution
For the PCB-based spectrometer configuration shown in Fig. 2 , the two orthogonal polarization components, I p and I s , travel through different periscope paths to give two output beams polarized in the same plane, I p→s and I s→s . If an infinitesimally small entrance aperture is placed at the focal point on the optical axis of lens L1 in Fig. 2 , beams I p→s and I s→s will be collinear and will form coincident images for each incoming wavelength. The image size is limited by diffraction and aberrations in the optical system. Different incident wavelengths are diffracted by the grating and imaged at different points along the spectrum line in the image plane.
The spectral resolution of the spectrometer is then determined by the smallest resolvable separation between two image spots on the spectrum line. If we assume that aberrations can be made negligibly small, the observed image is usually larger than the diffraction-limited image size because the entrance aperture must have a finite extent in practice. This finite size of the entrance aperture leads to a reduction in the spectral resolution that is attained with the normal circular or rectangular apertures. Furthermore, beams I p→s and I s→s may in general have different imaging properties because they traverse different optical paths. Therefore it is possible that one of the images could be broader than the other in the direction of the spectrum line, which would result in a further reduction in the spectral resolution.
To elaborate the imaging properties of beams I p→s and I s→s we used an asymmetrically shaped mask as an entrance aperture in the PCB-based spectrometer shown in Fig. 3(a) (i. e., the PCB and mirror M2 were positioned at K and H, respectively). We made the mask by laser printing the pattern shown in Fig. 6 (a) onto a 2 cm square transparent plastic sheet. Optical fiber OF (Fig. 3) was removed, and the mask was centered on the focal plane of collimating lens L1. The aperture mask was placed in the same orientation as that shown in Fig. 6(a) when viewed from the collimating lens. The light from halogen lamp WLS (Fig.  3) was focused directly onto the mask, and an incident wavelength of 550 nm was arbitrarily selected by use of the filter wheel.
An opaque screen was placed at image plane IP, and images formed on this screen were captured on black-and-white camera film from the reverse side, as shown in Figs. 6(b)-6(d) . The double-headed arrow in Fig. 6(a) indicates the direction of the spectral dispersion. Figures 6(b) and 6(c) were obtained with the linear polarizer oriented vertically and horizontally, corresponding to light paths through the twisted ͑I p→s ͒ and the untwisted ͑I s→s ͒ periscopes, respectively. Figure 6 (d) was obtained with the polarizer removed, i.e., in a random polarization condition. Note that some cross talk is apparent between the two polarization channels in Figs. 6(b) and 6(c). Once again, this result is attributed to the relatively poor extinction ratio of the polarizing beam splitter. From Fig. 6(b) it can be seen that the twisted periscope has the effect of inverting and rotating the aperture image by 90°, whereas the untwisted periscope introduces two inversions, as shown in Fig. 6(c) . This difference in the imaging properties of the two channels can have a significant effect on the spectral resolution. Consider a vertically aligned, rectangular entrance slit aperture as an example. The results shown in Figs. 6(b) and 6(c) indicate that a p-polarized incident beam will form a horizontal slit image, whereas an s-polarized incident beam forms a vertical image. Because the horizontal slit image lies in the dispersion direction, it will deliver worse spectral resolution than the vertical slit image. As a result of this imaging behavior, a rectangular entrance slit would result in a polarization-dependent spectral resolution, which is clearly undesirable if the incident polarization state is unknown.
It is therefore preferable to use a circular aperture, such as the tip of an optical fiber, as the entrance to a PCB-based spectrometer. The image of a rotationally symmetric aperture will not be affected by the adverse imaging properties of the twisted periscope. In this way the spectral resolution will be independent of the incident polarization state and will instead be determined by the usual instrumental parameters, such as the size of the entrance aperture and the resolving power of the grating.
Conclusions
A method for reducing the polarization-induced artifacts that are usually present in grating-based instruments has been described. The performance of the polarization-collimating beam splitter was demonstrated in combination with gratings blazed at 400 and 500 nm. In both cases the measurements confirmed that, within the measurement precision obtained, the PCB effectively eliminates the polarization dependence of the diffraction efficiency. Insertion of the PCB generates a relative loss of approximately 13%-15% for s-polarized light over the useful range of the gratings studied here. However, the average relative gain in efficiency for unpolarized light varies from 13% to 19% and is dependent on the magnitude of the polarization effects for the given grating.
This improvement in polarization performance and average throughput is achieved at the expense of imaging performance. Optical aberrations in the components and imperfect alignment of the beam splitter are likely to result in a general reduction in resolution. In addition, rotation of the p polarization plane also serves to rotate the image of the entrance aperture. Therefore the use of an extended slit source will severely degrade the spectral resolution for p-polarized light, as the long axis of the slit is rotated parallel to the dispersion direction. This problem does not arise for a rotationally symmetric entrance aperture, such as a pinhole or an optical fiber.
A similar technique has already been proposed for optical communication transmissions for which the signal-to-noise ratio is critical. However, we are not aware of any previous application of these techniques to spectrometric measurements with diffraction gratings. In this case, the reduction of polarizationinduced artifacts helps to avoid ambiguities in the recorded spectra. As such, the PCB might be attractive for applications in which low levels of light with some polarization dependence are observed. For example, useful information about crystalline structure and sample morphology can be obtained from the polarization states of Raman scattered light. Therefore the device has the potential to play an important role in a range of biological and physical studies in which polarized emission is of interest.
